The development of methodology to identify specific cell populations and circuits within the basal ganglia is rapidly transforming our ability to understand the function of this complex circuit. This mini-symposium highlights recent advances in delineating the organization and function of neural circuits in the external segment of the globus pallidus (GPe). Although long considered a homogeneous structure in the motor-suppressing "indirect-pathway," the GPe consists of a number of distinct cell types and anatomical subdomains that contribute differentially to both motor and nonmotor features of behavior. Here, we integrate recent studies using techniques, such as viral tracing, transgenic mice, electrophysiology, and behavioral approaches, to create a revised framework for understanding how the GPe relates to behavior in both health and disease.
Introduction
The external segment of the globus pallidus (GPe) is centrally placed in the basal ganglia circuit and is classically considered a component of the motor-suppressing "indirect pathway" (Albin et al., 1989; DeLong, 1990; Smith et al., 1998; Obeso et al., 2008) . The major inputs to the GPe are as follows: (1) GABAergic inputs from D2-expressing spiny projection neurons (D2 SPNs) in the striatum (Gerfen et al., 1990; Kita, 2007) ; and (2) glutamatergic inputs from the subthalamic nucleus (STN) (Smith et al., 1998; Kita, 2007) .
The GPe is thought to contribute prominently to basal ganglia dysfunction in Parkinson's disease (PD). In animal models of PD, the firing of GPe neurons is typically reduced relative to control (Filion and Tremblay, 1991; Filion et al., 1991; Chan et al., 2011) , consistent with the classical model of basal ganglia function that the indirect pathway is overactive in PD (Albin et al., 1989; DeLong, 1990 ). Additionally, the normally uncorrelated activity of GPe neurons becomes synchronized, a change thought to contribute to pathological oscillations that disrupt basal ganglia function and contribute to motor impairments (Bevan et al., 2002b; Brown, 2003 Brown, , 2007 Mallet et al., 2008a Mallet et al., , 2012 .
Despite its typecasting as a homogeneous relay, connecting the striatum and STN in the indirect pathway, the GPe comprises a rich neural circuitry of diverse cell types that shape both motor and nonmotor features of behavior. Under normal conditions at rest, GPe neurons fire tonically, at rates of 10 -80 Hz in vivo; they respond heterogeneously during movement, with complex temporal patterns and low correlation (DeLong et al., 1985; Jaeger et al., 1995; Nini et al., 1995; Turner and Anderson, 1997) . Since the earliest investigations of GPe activity in behaving animals, it was observed that neurons fall into discrete categories, suggesting the existence of different neuronal populations. In his 1971 paper, DeLong (1971) described two subpopulations of neurons with strikingly different firing patterns: high-frequency pausers (ϳ80%) and low-frequency bursters (ϳ20%). This classification was also recently described in rats (Benhamou et al., 2012) . Indeed, a growing body of anatomical, electrophysiological, and molecular literature demonstrates that the GPe is composed of a heterogeneous population of neurons that give rise to different circuits (Nambu and Llinaś, 1994; Hoover and Marshall, 1999; Bolam et al., 2000; Kita and Kita, 2001; Flandin et al., 2010; Nó brega-Pereira et al., 2010; Benhamou et al., 2012; Mastro et al., 2014) .
In this mini-symposium, we will first discuss anatomical strategies being used in primates to map the cortical origins of behaviorally distinct circuits in the GPe. Next, we will focus on one circuit in particular, the pallidostriatal pathway, to highlight how molecular, cellular, and behavioral work has come together to demonstrate a novel behavioral role for a molecularly defined cell type in the GPe, arkypallidal GPe neurons (Arky-GPe). Next, we will discuss the use of a recently established, genetic strategy to identify two additional classes of GPe neurons: Lhx6-and PVGPe neurons. Finally, we will turn our discussion of the GPe to its role in disease, particularly PD. We will explore in-depth, cellular mechanisms of communication between the GPe and STN that may shed light on why circuitry within the GPe is so prone to disruption under conditions of low dopamine. We will also extend our discussion of cellular mechanisms of pathophysiology in the GPe beyond neurons to consider the role of glia in GPe dysfunction in PD.
Thus, by bringing together findings from cellular, anatomical, molecular, and behavioral neuroscience, this mini-symposium seeks to formulate a new, unified model of the GPe as a highly organized, central processing station within the basal ganglia that influences many aspects of motor and nonmotor behavior in health and disease.
Anatomical circuitry of distinct GPe functional territories
Early evidence for functionally diverse circuits in the GPe came from a study in primates, showing that focal, drug-induced activation of discrete regions of the nucleus produced distinct behavioral outputs . In a companion anatomical study, identified separate striatal inputs, and pallidal and nigral outputs, associated with each behaviorally distinct territory of the GPe. Bicuculline injections into the posterior, ventrolateral "sensorimotor" territory of the GPe produced abnormal movements; into the middle "associative" territory produced hyperactivity and/or attention deficit; and into the anterior, ventral "limbic" territory produced stereotypies.
One hypothesis, based on a proposal put forth by Alexander et al. (1986) , is that these functionally distinct zones in the GPe are part of larger, corticobasal ganglia loops, whose anatomical and functional segregation is conserved throughout the extent of the basal ganglia circuit. If this hypothesis were true, then behaviorally distinct territories of the GPe should be associated with different cortical areas. Specifically, motor territories of the GPe should be associated with different cortical areas than associative or limbic GPe territories.
To test this hypothesis, a retrograde, trans-synapticrabies virus was used to label the cortical areas associated with each of the three functionally defined territories of the GPe. Bicuculline injections in the three GPe territories yielded behavioral changes similar to those reported by . A rabies injection placed in limbic GPe, where bicuculline injections produced stereotypies, including excessive fur grooming, hair pulling, and nail biting, labeled cortical neurons in regions, including rostromedial prefrontal cortex and orbitofrontal cortex. A rabies injection placed in associative GPe, where bicuculline injections produced hyperactivity, labeled cortical neurons in regions, including rostral premotor and caudal prefrontal areas of cortex. A rabies injection into sensorimotor GPe, where bicuculline injections produced abnormal limb movements, labeled cortical neurons in regions, including primary motor cortex and premotor cortex. Interestingly, although abnormal movements, hyperactivity, and stereotypies were all expressed as observable changes in movement patterns, only the rabies injection into sensorimotor GPe produced dense cortical labeling in cortical motor regions. This finding may reflect the fact that, unlike the abnormal limb movements seen in bicuculline-induced disruption of sensorimotor GPe, hyperactivity and stereotypies are normal movements that are executed with abnormal frequency and intensity. These perturbations are not simply motor deficits but reflect disruption of motivational or cognitive aspects of behavior.
Neuronal and functional studies of the pallidostriatal pathway These studies in primates provide insights into the anatomical organization of functionally distinct circuits, preserved in the GPe. Like primate basal ganglia, rodent basal ganglia can also be grossly divided into sensorimotor, associative, and limbic territories based on patterns of cortical afferents. Sensorimotor striatum is located dorsolaterally within the caudoputamen, associative striatum is located anteriomedial to sensorimotor territory, and limbic striatum (better known as nucleus accumbens) is located ventral to sensorimotor and associative regions (Groenewegen et al., 1990; Voorn et al., 2004) . Data on rodent striatopallidal projections are more limited but suggest a rough tripartite organization in which medial striatum projects to medial GPe, lateral striatum projects to lateral GPe, and ventral striatum projects to the ventral pallidum. (Mogenson et al., 1983; Haber et al., 1985; Groenewegen et al., 1990) .
Studies in rodents are also providing insights into the organization of GPe circuits at the neuronal level. Developmental studies have established that most GPe neurons (Ͼ70%) are derived from the Nkx2-1 lineage of the medial ganglionic eminence, whereas almost all of the remainder (ϳ25%) originate from a distinct Pax6 lineage in the lateral ganglionic eminence (Flandin et al., 2010; Nó brega-Pereira et al., 2010) . Although the molecular phenotype of these developmentally distinct cell types remains to be established in older animals, Pax6-derived neurons might correspond with Arky-GPe neurons, a subset of GPe neurons that make strong projections, exclusively back to the striatum (Fig. 1) . They form a remarkably dense (sometimes Ͼ10,000 boutons) GABAergic innervation of all striatal cell types (Mallet et al., 2012) . This is in contrast to the pallidostriatal projection of a subset of prototypical GPe neurons Hoover and Marshall, 1999, 2002; Sato et al., 2000; Kita and Kita, 2001; Kita, 2007) that selectively innervate striatal GABAergic interneurons .
Arky-GPe neurons make up ϳ25% of GPe neurons in rats and specifically express preproenkephalin, whereas other GPe neurons do not (Mallet et al., 2012) . In addition to being molecularly distinct from other GPe neurons, Arky-GPe neurons exhibit distinctive patterns of activity. In dopamine-depleted animals, most GPe neurons tend to fire out-of-phase with cortical cells during slow-wave and beta oscillations, but Arky-GPe neurons fire inphase (Mallet et al., 2008a (Mallet et al., , 2012 . Arky-GPe neurons may also map directly onto the firing pattern dichotomy seen in behaving animals, where ϳ80% of GPe neurons are high-frequency pausers and ϳ20% are low-frequency bursters (DeLong, 1971; Benhamou et al., 2012) . During slow-wave sleep, most GPe neurons usually have high and regular firing rates that remain high during slow-wave sleep, whereas Arky-GPe neurons have lower and very irregular firing rates that are further suppressed during sleep.
This distinctive electrophysiological signature of Arky-GPe neurons facilitates their identification in freely moving rats performing behavioral tasks (Schmidt et al., 2014) . One role of basal ganglia in motor control is the selection and initiation of actions, but another is the suppression or cancellation of inappropriate behaviors. Single-unit electrophysiology from multiple basal ganglia locations during cued choice tasks allows these various mechanisms to be dissected with high temporal precision (Gage et al., 2010; Leventhal et al., 2012). In particular, the stop-signal (action cancellation) task has been used to show that behavioral responses to "Go" and "Stop" cues involve a race between information processing in distinct BG pathways (Schmidt et al., 2013) . The reaction time to respond to a Go cue reflects the relatively slow evolution of neural processing within the striatum (Leventhal et al., 2014) . The striatum provides direct-pathway GABAergic inputs to the subtantia nigra pars reticulata (SNr), and the resulting reduction in SNr activity helps release actions (Hikosaka and Wurtz, 1983) . Stop cue processing initially involves much faster signaling through STN (ϳ15 ms latencies), providing glutamatergic inputs to the same SNr neurons; if this occurs early enough, it can oppose action initiation (Schmidt et al., 2013) . However, the Stop cue only causes a transient increase in STN-SNr firing, which is likely sufficient to pause, but not completely cancel, an action-in-preparation. Instead, successful, complete cancellation seems to additionally involve suppression of the Go process within striatum.
The GPe appears to provide this second, complementary mechanism for action cancellation. GPe neurons respond more slowly to the Stop cue (ϳ60 -100 ms), but selectively when stopping is successful. This stop response is much more prominent in presumed Arky-GPe than other GPe neurons and matches the time course of striatal suppression on correct Stop trials. These exciting new findings directly implicate the Arky-GPe pallidostriatal pathway in behavioral inhibition, a critical set of mechanisms for ensuring that behavior is both flexible and well controlled.
Genetically defined cell types in GPe
If Arky-GPe neurons make up ϳ25% of GPe neurons, what about the remaining 75%? Do the remaining GPe neurons correspond to a single population, or can they be further broken down with the aid of additional classification schemes? A recent study suggests that non-Arky-GPe neurons consist of at least two genetically distinct cell types, labeled in Lhx6 and PV transgenic mice, respectively (Mastro et al., 2014) (Fig. 1) . The striatal projections of Lhx6-and PV-GPe neurons are selective for GABAergic interneurons (Mastro et al., 2014) , suggesting that they are distinct from Arky-GPe neurons.
Lhx6 and PV-GPe neurons represent largely nonoverlapping populations in the GPe and exhibit opposite, graded distribution throughout the nucleus. Cell counts estimate that one-third of all GPe neurons are labeled in Lhx6 transgenic mice and one-third are labeled in PV transgenic mice. Lhx6-GPe neurons are more concentrated in the medial region of the GPe, and PV-GPe neurons are more concentrated in the lateral region. Based on patterns of calbinin distribution throughout rodent basal ganglia (Hontanilla et al., 1994 (Hontanilla et al., , 1998 Kita, 2007) and other anatomical studies (Mogenson et al., 1983; Haber et al., 1985; Groenewegen et al., 1990) , it has been hypothesized that the medial GPe corresponds to an associative territory, whereas the lateral GPe corresponds to a sensorimotor territory.
Both Lhx6-and PV-GPe neurons project to a number of brain regions, both within and outside the basal ganglia (Mastro et al., 2014) . The main anatomical projections distinguishing these cell populations are as follows: stronger Lhx6-GPe projections to the substantia nigra pars compacta and striatum; and stronger PVGPe projections to the STN and parafascicular nucleus of the thalamus (Fig. 1) . Intriguingly, PV-GPe projections to the STN targeted the entirety of the nucleus, but projections of Lhx6-GPe neurons avoided the central territory, confirming topographical organization of GPe circuits in rodents (Mastro et al., 2014) . It will be important to test whether this additional classification schemes also apply to the non-Arky-GPe neurons of rats, where the proportion of PV-expressing neurons has been reported to be closer to 50%-60% (Kita, 2007) .
In addition to their anatomical distinctions, Lhx6-and PVGPe neurons may be functionally distinct as well. First, recordings of their intrinsic firing properties in acute slices revealed that PV-GPe neurons have narrower action potentials, higher maximum firing rates, and higher baseline firing rates than Lhx6-GPe neurons (Mastro et al., 2014) . Second, optogenetic activation of Lhx6-and PV-GPe neurons produces different effects on behavior. Interestingly, the effects of activating these cell types resemble the behavioral effects seen in primates following disruption in the associative and limbic territories of the GPe, respectively, suggesting conservation of circuit function across species.
Synaptic mechanisms of GPe dysfunction in PD
The GPe through its connections with the STN has been consistently implicated in the onset and maintenance of motor dysfunction in PD (Plenz and Kital, 1999; Bevan et al., 2002b; Burkhardt et al., 2007; Kita, 2007; Vitek et al., 2012) . The GPe is the principal source of GABAergic inhibition in the STN (Smith et al., 1998) and acts primarily through postsynaptic GABA A receptors (Hallworth and Bevan, 2005) . The equilibrium potential of GABA A receptor current in STN neurons is ϳϪ80 mV (Bevan et al., 2002a) , which reflects active extrusion of Cl Ϫ , presumably by the K ϩ /Cl Ϫ cotransporter KCC2, which STN neurons express in abundance (Kanaka et al., 2001) . The axonal arborization of each GPe neuron traverses a large extent of the STN but is so sparse that it terminates on just a small fraction of neurons (Baufreton et al., 2009) . That said, unitary GPe-STN synaptic connections are powerful (ϳ10 -15 nS) because they are mediated by multiple synaptic contacts (Baufreton et al., 2009 ). Because each STN neuron receives input from ϳ50 -60 GPe neurons, the maximum inhibitory conductance generated by the GPe is therefore Figure 1 . GPe cell types and their projection patterns. Arky-GPe neurons make up ϳ25% of GPe neurons, project exclusively to striatum, and target both GABAergic interneurons, including fast-spiking interneurons (FSI) and SPNs (Mallet et al., 2012) . Lhx6-and PV-GPe neurons, which make up 34% and 30%-40% of GPe neurons, respectively (Mastro et al., 2014) , project to many of the same brain areas, but Lhx6-GPe neurons project more strongly to the striatum and substantia nigra pars compacta, and PV-GPe neurons project more strongly to the STN. PV-GPe neurons project uniquely to the parafascicular thalamic nucleus (PF), which is not innervated by Lhx6-GPe neurons. Striatal projections of both Lhx6-and PV-GPe neurons are selective for striatal GABAergic interneurons Mastro et al., 2014) . Figure also illustrates the presence of glial cells in the GPe, which outnumber neurons.
huge (Baufreton et al., 2009 ). Together, these properties suggest that the GPe exerts a powerful inhibitory influence on the STN. Indeed, GPe-STN transmission limits both the intrinsic activity of STN neurons (Hallworth and Bevan, 2005; Atherton et al., 2013) and shunts synaptic excitation ex vivo (Atherton et al., 2010) . Furthermore, in vivo cortical excitation of the STN is curtailed by feedback inhibition from the GPe and inhibition of GPe neurons by D2 SPNs mediates disinhibition of the STN (Fujimoto and Kita, 1993; Maurice et al., 1998) . So why do the GPe and STN rarely show correlated activity under normal conditions (Urbain et al., 2000; Magill et al., 2001; Mallet et al., 2008b )? This paradox is likely due to several factors. First, the selective nature of GPe-STN inputs reduces the probability of detecting connected neurons (Baufreton et al., 2009 ). Second, GPe-STN connections exhibit strong activity-dependent depression, which reduces the impact and thus detectability of unitary connections (Atherton et al., 2010) . Third, STN neurons express ion channels, such as HCN, Na v 1, and Ca v 1 and Ca v 3 channels, which complicate the nature of GPe-STN patterning (Otsuka et al., 2001; Hallworth et al., 2003; Baufreton et al., 2009; Atherton et al., 2010) .
In PD and its experimental models, the GPe and STN are abnormally hypoactive and hyperactive, respectively (Galvan and Wichmann, 2008) , consistent with an inhibitory action of the GPe on the STN. Furthermore, GPe-STN and STN neurons exhibit anticorrelated firing both during cortical slow-wave activity and activated cortical states in which abnormally persistent and widespread beta band activity is manifest (Hammond et al., 2007; Mallet et al., 2008b; Shimamoto et al., 2013) . The altered firing rates of GPe and STN neurons are likely due to hyperactivity of D2 SPNs, which leads to excessive inhibition of GPe-STN neurons and disinhibition of the STN (Gerfen and Surmeier, 2011) . The cause of pathologically correlated GPe-STN activity is less clear. Loss of dopamine is associated with profound alterations in the strength of connections in the indirect pathway. Thus, GABAergic connections between fast spiking interneurons and D2 SPNs (Gittis et al., 2011) and between GPe and STN neurons (Fan et al., 2012) strengthen profoundly. Furthermore, the intrinsic activity of GPe and STN neurons, which decorrelates GPe and STN activity by rendering synaptic integration phasedependent (Wilson, 2013) , is diminished following loss of dopamine (Zhu et al., 2002; Chan et al., 2011) . Together, these changes may promote synchronous activity in the indirect pathway (Moran et al., 2011; Tachibana et al., 2011; Wilson, 2013) . Indeed, in acute lesion models of PD, in which dopamine neurons rapidly degenerate, it takes several further days to weeks for pathological activity to develop (Mallet et al., 2008a; Degos et al., 2009) , implying that synaptic, cellular, and network-level plasticity triggered by the loss of dopamine all participate in circuit dysfunction.
Role of glia in GPe dysfunction in PD
Neurons are not the only cell type in the GPe that may undergo alterations in disease. The GPe is known to harbor a rich number of glia, which indeed are estimated to vastly outnumber neurons (Lange et al., 1976) (Fig. 1) . There are three main classes of glia in the brain: oligodendrocytes, microglia, and astrocytes. Although no published work available so far gives estimates of the density of different glia classes within the GPe, an enrichment of astrocytes in the GPe is demonstrated by the high density of nominal astrocytic molecules compared with neighboring brain regions (Dervan Although we have begun to appreciate the role of astrocytes in a few brain areas (Halassa et al., 2007; Araque et al., 2014) , the biological importance and disease relevance of astrocytes in the GPe and other basal ganglia nuclei are largely unexplored (Maragakis and Rothstein, 2006; Sofroniew and Vinters, 2010; Tong et al., 2014) . Ultrastructural studies suggest that GPe astrocytic processes are strategically positioned to control striatopallidal transmission (Galvan et al., 2010) . As hyperactive striatopallidal signaling is observed in PD and is relevant to disease symptomatology (Kravitz et al., 2010) , it is intriguing to speculate that GPe astrocytes play a crucial role in gating striatopallidal GABA release and that this regulatory process is disrupted in the absence of dopamine, as seen in PD. Indeed, astrocytes express a myriad of surface receptors (e.g., dopamine receptors), thus allowing them to be regulated by local and long-range modulatory signals (Theodosis et al., 2008; Perea et al., 2009; Nedergaard and Verkhratsky, 2012; Araque et al., 2014) . Astrocytes in turn interface with neurons through the transport and release of neuroactive substrates that regulate synaptic activity (Halassa et al., 2007; Perea et al., 2009) . The idea that astrocytes negatively regulate striatopallidal transmission via a presynaptic inhibitory mechanism, and that dysregulation of this mechanism may lead to overactive striatopallidal transmission in PD, is being tested in a novel genetic model of the disease. Additionally, efforts are underway to identify the neuroactive substrates involved in the astrocytic regulation of striatopallidal transmission.
Given the importance of glia in proper neuronal function, it is perhaps not surprising that impaired astrocytic function is a common feature of neurodegenerative diseases (Maragakis and Rothstein, 2006; Halassa et al., 2007; Sofroniew and Vinters, 2010) . Investigating the alterations of glia in the GPe and other basal ganglia nuclei may therefore identify new targets and strategies for treating otherwise, incurable neurodegenerative diseases, such as Huntington's disease and PD (Chan and Surmeier, 2014) .
In conclusion, this mini-symposium is designed to highlight recent discoveries about the rich diversity of neural circuits in the GPe and their role in behavior and disease. In contrast to its usual depiction as a homogeneous nucleus that simply relays information to downstream basal ganglia structures, the GPe contains a rich diversity of cell types and projections. Insights into the richness of GPe organization are leading us toward a revised framework for understanding how neural activity in the GPe relates to behavior. Studies at the cellular level reveal important features of the organization and synaptic dynamics of GPe circuits that make them susceptible to dysfunction in PD, and suggest a previously underappreciated role for glia in disease pathophysiology. Finally, data from this mini-symposium demonstrate functionally conserved circuits in the GPe of rodents and primates that produce behavioral patterns seen in neuropsychiatric disorders, such as obsessive-compulsive disorder and attention-deficit hyperactivity disorder, demonstrating that the GPe is far more than a simple motor-control nucleus.
